effect of graphene.
To demonstrate the practical operation of our FE-CCD, we applied the gate voltage pulse, and obtained the periodic drain current waveform (Id -t) in dark and light conditions (Fig. 1f) . The variation of the hole number in the well is monitored in real time by the variation of the Id -t. The FE-CCD integrates the holes in the pulse region (Vg = 40 V), and clears them in the reset region (Vg = 0 V). In the pulse region, the dark Id -t keeps almost constant since the thermal generation requires relatively long time to fill the well (storage time 23 ~ 80 s, see Supplementary). The light Id -t first decreases (linear region) and then saturates (saturation region) within relatively short time (saturation time ~ 0.5 s), indicating that the well is filled by the photo-holes. This large difference of drain current between the light and dark condition results from the integration effect and the signal amplification (photo-conductive gain 24 ) from the graphene, both of which can give high sensitivity to our FE-CCD. Mechanism and performance of the FE-CCD. To understand the detailed integration process, we studied the power-dependent Id -t of our FE-CCD within one integration period (Fig. 2a) . As shown by the fitting, the experimental Id -t can be described by a linear-saturation model (see Supplementary) , and the corresponding photo-hole number is deduced (right axis). This linearity of the Id -t before the saturation is important for accurate image sensing as the photo-hole number (exposure dose) is proportional to the product of time and light intensity. The slope of the Id -t can
give the photo-electron charging current Ig (see Supplementary), which characterizes the light intensity as in the photodiode (Fig. 2b) . The fitting of Ig -P gives R 2 of 0.9990, indicating a high linearity of our FE-CCD. From the fitting, we also obtained relatively high quantum efficiency η of (76 ± 1) %, which can be attributed to the high transparency of the graphene 25 . Besides the constant illumination, the integration process is also demonstrated with laser pulses, as shown by the steplike waveform of the Id -t (Fig. 2c ). This multi-pulse integration shows that our FE-CCD can potentially work as a typical multi-bit photo-memory as well 26 . The photo-hole integration process mainly happens within the FE-CCD device region, as verified by the spatial photocurrent mapping (SPCM) at different integration times (Fig. 2d ).
The performance of our FE-CCD can be characterized by the similar parameters that used in The performance of our FE-CCD is also strongly affected by the background dark current, we thus studied the temperature-dependent Id -t in dark condition ( eV (~ Si bandgap) for T < 400 K and T  400 K, respectively, indicating that the generation mechanism is temperature-dependent and changes from the depletion-dominated generation to diffusion-dominated generation 28 . This large thermal generation rate at high temperature impedes the integration of the photo-holes. Thus, the FE-CCD requires to work at relatively low temperature to obtain the high-quality photo-signal. Experimental Fitting ) is usually much lower than that for the visible generation, as shown by the η spectrum obtained from the Id -t of FE-CCD (Fig. 3c) . Thus, the photo-hole integration in the well and the strong field-effect of the graphene can largely enhance the photo-response even for the low quantum efficiency, and this photo-response can be further improved by increasing the FWC and photo-conductive gain through
Vg and Vd, respectively. 
Two-dimensional hetero-junction based FE-CCD (FE-JCCD).
Due to the zero bandgap, the graphene-based FE-CCD has relatively large background dark current, which requires high power consumption (~ 1 mW for the above devices). We can use 2D materials with moderate bandgap (e.g., transition metal dichalcogenide, TMDC 14 ) or their hetero-junctions, which can be truly turned "OFF"
to suppress the dark current. Fig. 4a shows the schematic and the optical image of the Gr/WSe2/Gr FE-JCCD, in which WSe2 and graphene work as lateral channel and contact, respectively (see Methods). To study the channel "ON/OFF" characteristics, we first measured the transfer characteristics of our FE-JCCD at relatively fast voltage sweep (Fig. 4b) . The WSe2 is initially lowly n-doped and in "OFF" state with Id less than 1 nA, as observed from the drain current at Vg = 0 V.
In dark condition, the deep-depletion region continuously expands as the thermal generation cannot catch up with the voltage sweep (Fig. 4c, top band diagram) . Accordingly, relatively few electrons are transferred to the WSe2, and most of the Vg drops on the deep-depletion region, giving ineffective gating and hence the channel remains in the "OFF" state. In light condition, the photo-generation in the potential well can give more electrons to the WSe2 channel (Fig. 4c , bottom band diagram) and turn the channel "ON", resulting in a high light-to-dark "ON/OFF" ratio of ~ 10 4 . We then obtained 
Imaging and charge transfer based on FE-CCD.
To demonstrate the application of image capturing, we performed the two-dimensional scanning of the single graphene-based FE-CCD pixel, and obtained the reflection images (size 160×160) under incandescent light (Fig. 5(b, c) ). The intensity and contrast of the images increase with the integration time as the exposure dose increases.
The relatively long integration time is thus important in improving the image quality, especially for the low-light-level condition. Though our single pixel device demonstrates the successful imaging, large pixel array is required for practical imaging applications. Recent developments in large scale
and high-quality chemical-vapor-deposition (CVD) synthesis of graphene and related materials 32 enable the fabrication of the pixel arrays of our FE-CCD. In Fig. 5a , we demonstrated the proof-ofconcept FE-CCD linear array, which is able to work in both random access mode and charge transfer mode (results not shown here). 
Discussion
The imaging performance of our FE-CCD is determined by not only the semiconductor substrate, but also the 2D material. On one hand, the bandgap and the surface states of the semiconductor substrate are two important parameters that determine the working wavelength and the dark thermal generation of the FE-CCD, respectively. The Si has a typical cut-off wavelength of ~ 1100 nm (Fig.   3c ), and the wafer we used gives the dark current density of ~ 80 nA/cm 2 (considering the FWC of 10 11 e -and the storage time of 80 s), which is much larger than the typical dark current density of 0.1 ~ 1 nA/cm 2 for the buried-channel CCD (BCCD) 33 . This relatively large dark current is probably due to the thermal generation through the surface states, similar to the case of surface-channel CCD (SCCD) 34 . On the other hand, the choice of the 2D material along with its mobility and doping determines the output characteristics of the FE-CCD. Graphene has relatively high mobility, which can dramatically improve the CG, as the drain current is proportional to the mobility. For the doping, the drain current of the highly p-doped CVD graphene decreases with the increasing number of transferred photo-electrons, while the drain current of the lowly p-doped graphene from mechanical exfoliation shows a non-monotonic behavior, as the Fermi level in the lowly p-doped case is much easier to be tuned over the Dirac point (see Supplementary). Thus, considering the linearity of the charge-to-current conversion, the doping type should remain the same during the transfer of photocharges. For the 2D semiconductor such as the mechanically exfoliated WSe2, though the doping maintains n-type, the linearity is not as good as the CVD graphene with the drain current showing a switch behavior due to the bandgap, and the relatively low mobility of the WSe2 is one of the main reasons for the small drain current in the FE-JCCD.
Besides the semiconductor substrate, the 2D material can also contribute to the photo-response.
One contribution can be the photo-conductive response from the 2D material itself (see Supplementary) . This photo-conductive component can be attributed to the traps within the 2D material or the unintentional contamination 35 . The other contribution can be from the photo-charges directly generated within the 2D material 36, 37 . These photo-charges can also be transferred to the semiconductor and then integrated, since the 2D material in the MOS capacitor plays similar roles as the semiconductor substrate. Thus, by incorporating 2D materials with different bandgap (e.g. black phosphorous, TMDC) 38 , the FE-CCD can provide a large potential in the wide-spectrum response from the long-wavelength infrared (even THz) to the ultra-violet.
In conclusion, we demonstrated a new-concept FE-CCD for photo-detecting and imaging. In the 
Methods
Device fabrication. We first evaporated the Au/Cr (60 nm/5 nm) electrode onto the lowly doped (1-10 ·cm) n-type SiO2/Si (100 nm/500 m) wafer. For the graphene-based FE-CCD (including linear array), we transferred the CVD graphene onto the electrodes using polymethyl methacrylate (PMMA) 18 as a supporting layer, and then etched the graphene into desired pixel shape by O2 plasma.
For the Gr/WSe2/Gr FE-JCCD, we mechanically exfoliated, stacked and transferred the junction onto electrodes in all-dry process 27 . We then wire-bonded the devices to the printed-circuit board.
Electrical and opto-electronic measurements. In this work, the light sources are single lasers (532 nm, 1342 nm, 1450 nm, 1550 nm, and 1870 nm), incandescent lamp, and Xe lamp with a color filter (300 ~ 1200 nm). The power of all light sources was calibrated by the commercial Si (Thorlabs S120VC) and InGaAs photodetector (Thorlabs S184C 
